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A survey 1s presented of the results obtalned by the ONERA
(Office National d'Etudes et de Recherches Aéronautiques) in the
course of preliminary studies of the turbojet intakes and exhausts of
the projected Mach-2 supersonic transport plane. Experimental investi-
gationg of pwo-dimensional intakes permit a rational choice to be made
betweeén ; internal and external supersonic compression. Various computa-
tional methods employed in the study of the complex flow mixture at the
exit are presgnted and some theoretical and experimental results are

compared.
1. TINTRODUCTION

In the design of a supersonic aireraft, the air intakes and in-
ternal ducts are two essential elements that must be consciously

*This project was reported at the Fifth European Aeronautical
Congress held in Venice, Sept. 12-15, 1962.
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integrated into the over-all design concept from the very beginning of
the project.

In this report we propose to discuss the dimensions and opera-
tional control features of these elements for the configuration the
French entry in the field is to have. It 1s already established that it
will carry four motors, two beneath each wing, fed by two-dimensional air
intakes.

The operating conditions of the engine at different Mach numbers
1s at the core of the problem; 1t suggests a principle of simultaneous
matching of the intake and exhsust. This principle will be discussed in
the first part of the survey.

Subsequently, we will take up the problem of the air intake,
which consists in finding the form that affords the best compromise be-
tween pressure recovery, or efficlency, and drag. In this field, the
ONERA has concentratad its research on a type of inlet that can be con-
trolled by external supersonic compression, with a fairing that presents
only a moderate drag; a large-scale test program has now ylelded quite
satisfactory results. Intakes controlled by internal supersonic compres-
sion were also investigated; we shall give experimental data for a compara-
tive appralsal of the two solutions. -
The problem of the intermal ducts 1s at least as Ilmportant as the
preceding, and we shall discuss it 1n the third part of the report.

Some recently developed, and experimentally confirmed, design
methods provide a firm basis for selecting optimum solutions at super-
sonic crulsing speeds, but further experiments are reg:iired to solve
the identical problem in the transonic phase of flight.

PR 2. MATCHING PRINCIPLES
P \,f )
The fJow conditions imposed on the entrance and exit may be
characterized by two parameters, which are readily derived from a con-
sideration of the data appropriate to the operation of the engine and

the law governing intake efficiency. These parameters are the flow /16

factor (mass flow ratio) for the intake and the coefficlent of over-
expansion (area expansion ratio) of the nozzle.

The flow factor of an alr intake is the ratio of the englne-
required airflow to the maximum flow rate in front of the inlet in the
absence of spillage, i.e., the rate of discharge of a stream tube con-
tained in the upstream projection from the edges of the inlet.
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requirement ag a function of the Mach
number.

Figure 1 plots this factor versus the Mach number for a certain
type of motor with given efficlency law that, for the moment, we shall
lay aside; the factor is seen to be symbatic with the Mach number, 1.e.,
1t decreases as the latter decreases until, in the neighborhood of the
transonic mode, it reaches a value of about 0.7. The upstream spillage
of the remaining 30% of excess flow is translated into a drag term,
called the additive drag, of which we will show the importance and some
poseible means of mitigation.

The coéfficient of overexpansion of the exhaust nozzle is defined
in the following way: Iet us agssume as a first approximation that the
exit area, Ag of the exhaust has been sized to provide a cruise exit
pressure equdl to ambient. At lower flight Mach numbers, this condition
is satisfied by a section A¥ < Ag. The coefficient of overexpansion
A*/As characterizes the drag occasioned by the pressure drop between
A¥* and Ag in the flight regime under consideration.

In Figure 2, the low value that this coefficient assumes during
transonic flight can be seen.

A calculation of the total parasite drag at flow factors[ <1is
no simple affair, since it is necessary to take into account suction
forces on the control lip caused by flow-induced deformation of the lead-
ing edges; this effect, by lowering the drag on the fairing amounts to a

[Rpvw—
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reduction in the additive drag proper; On the other hand at the exit
there are base drag losses to be reckoned with. These two effects are
not at all well defined, especially in the transonic mode; thus, the
results of our calculations, shown in Figure 3, give only thelr orders
of magnitude; since these two paraslte drags are roughly of the same
order, and thus, together constitute almost 20% of engine thrust in
transonic mode, 1t is seen how imperative it is to find a remedy to this
‘situation.

The first idea that suggests itself as a8 means of avoiding para-
site drag at ‘the inlet is to dispose an internal duct around the engine
that will bypass the excess air captured by the intake during transonic
flight {Fig? 4b). The engine would then operate at its flow maximum
without additive drag and then, too, the exhaust nozzle, being better
fed, could afford a less severe overexpansion.

Such a solution, however, has the inherent drawback that it in-
creases the dimensions of the pod by the space needed to incorporate
the bypass, and this increases the cruise drag. In Flgure ke, this dis-
advantage is circumvented by dumping to the outslide the excess air
scooped up by the intake by means of a low-angle, low-drag, varilable
bypass door; the exhaust is then fed by an auxiliary inlet. The loss of
charge and the parasite drag involved in this scheme remain to be
evaluated, '

/17
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Fig. 4. Matching principles for Mach
numbers below cruising.

a) Configuration without bypass. 1. Additive drag.
2., Overexpansion drag
bg Internal bypass matching.
External bypass matching with auxiliary intake.
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Actually, an alir intake can hardly be expected to attain a flow
ratio equal to unity in the transonic regime; at best, with good
efficiency, it may approach a maximum of 0.85; in this case, the bypass
flow is no more than 12 to 15%, but this is to allow reasonable duct
dimensions. A compromise might be then to combine an internal bypass
with a second additional feed of the nozzlej this injection would con-
slst of the boundary layer removed from the intake and the external
boundary layer bled off the auxiliary inlet, the latter removal serving
to decrease the capture drag of the supplementary air.

This preliminary discussion suffices for a better understanding
of the problems involved in the airflow adjustment of the intake and
nozzle. We are now able to approach the problem of the intake in more
detail.

3. AIR INTAKE

The conditions that must be satisfied at all Mach numbers are
essentially the following: high efficlency, low drag, and large schedule
of airflow; the latter impllies significant variation of the throat,
which in its turn entails a varlable geometry.

A two-dimensional intake readily lends itself to these conditions.
A dlagram of the currently favored configuration is shown in the sketch
of the windtunnel setup of Figure 5.

A semltuyere mounting was used. A boundary layer bleed at the base
of the Iinlet separates the flow in the manner of an airfoil.

In the prototype version, employlng extermal supersonic compres-
sion (ESC), the throat is found at the entrance in a section attached to
the cowl 1ip. An emergent ramp of appropriate shape ensures the focusing
of the supersohic shock waves on the lip. This ramp is followed by a
Tixed wedge (spike) and a second wedge of continuous compression profile.
The ramp“@ﬁrminates in the throat to form the upstream edge of the
boundary Imyer bleed Iocated at the foot cf the shock wave. (Displacement
of the shock pattern in the direction of the nozzle exit provides the
transition from’the supersonic to the subsonic regime.) Via a hinge
coupling, the two wedges together form a variable-angle guide vane, the
rotation of which produces a smooth variation of the required compression
as g function of the flight Mach number, up to complete blockage of the
throat during the transonic phase. The subsonic diffuser wall that
follows contains a second articulated vane whose motion 1s synchronized
with the first; the internal boundary layer bleed simply comprises the
space between the free ends of the two vanes.

/18
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Fig. 5. Two-dimensional alr intake.
Test setup in windtunnel., Rep = 0.8 X 106

1. Semituyere 5. Window

2, Upstream ramp 7. Diffuser vane

3., Fairing 8. Vertical axial probe
L. Nose

All the constituent elements of the intake were replaceable in
the test model: entrance ramp, upper fairing and lateral leading edges,
supersonic compression profile, and subconic diffuser vanes.

Side windows allowed observation of the internal flow. The air-
flow at the intake and the flow through the boundary layer bleed were
controlled by two additional vanes; together they define the cross
sectiongiof‘the sonic throats at the exhausts. Pressure taps at the
vall and stagnation polnt statlons provided information concerning the

totalichargﬁteristics and the velocity profile at the end of the diffuser.

The difficulty with this type of external compression intake stems
from the sharp deflection of the flow upstream of the entrance (19° at
M= 2), since, if a prohibitive nacelle drag penalty is to be avoided, a
rapid reverse deflection of the flow must be guaranteed at the very
beginning of the subsonic diffuser. Fortunately, the presence of an
internal bleed prevents the detachment of the boundary layer that this
deflection, in conjunction with the pressure gradient at the foot of
the normal shock, would inevitably entail.

_ The configuration shown in Figure 6 represents one of the better
compromises obtained at Mach 2 after numerous trial deslgns of the shape
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and length of the upstream profile of the shape of the external fairing,
and of the contour of the boundary layer bleed. Downstream of the bleed,
the flow changes from an initial slope of 19° to & negative slope of -2°,
resulting in a pronounced curvature, which is compatible with the cowl
fairing found to be most favorable from the point of view of external
drag. .

. it

In spite of this strong curvature, the homogeneity of the flow at
the diffyser’end is only slightly affected, as is seen from the stagnation
pressure disfribution in the plane of symmetry at the end of the diffuser
and the total characteristics of the flow. The average efficiency of this
configuration at Mach 2 1s 0.935 in the critical regime, while the bound-
ary layer bleed amounts to only 2.5% of the total flow.

Figure T presents the schlieren flow visualizations.

Tests of other forms of supersonic compression profile; using. the
same fairing, often led to an Impasse when attempts were made to adjust
the guide vane length upstream toward the throat: either the internal
throat 'choked up" and there would be a sudden transition from a super-
critical regime (diffuser still supersonic in its initial section, normal
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Fig. 7. Two-dimensional intake at Mach 2
Schlieren photographs

e A. Boundary layer separation in
Ve the absence of a bleed
‘ B. Suppression of separation.with
; internal bleed
internal shock) to a suberitical regime (detached shock in front of the
inlet, usually accompanied by duct buzz) or, with reduced guide vane
length, there would be a normal shock, properly positioned at the inlet
in the critical regime, but with a boundary layer bleed found in an
unfortunate position upstream of the normal shock and leading to mal-
function. /19

On the other hand, it has been experimentally verifled that an
jntake that is well-matched at Mach 2 retains its optimum characteristics

at lower Mach numbers.
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Figure 8 is a diagram of an intake configuration employing in-
ternal supersonic compression (ISC), which we investigated using an
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" Racelle
" beam

Fisz. 10, a) Afterbcdy ctudy
b) Theoretical flow at the base

identical test arrangement for comparison purposes. Hers, the throat
control is inside the inlet, while the internal bleed is secured as
before. T = o '

This type of intake is characterized by a lower drag, since the
initial internal slope of the fairing is zero, but the configuration of
maximm efficiency (normal shock directly at the internal threst) is
unstable and carries the cunstant threat of "evacuating” the convergent
cone, the shock passing suddenly to a detached position in fromt of the
inlets manipulation of the guide vanes is then required to replenish the
convergent nozzle.

‘Disregarding the margin of maximm over useful efficiency neces-
sitated by this version,the tested maximm efficiency of an acceptable
subsonic diffuser length at the limit of stability is always inferior
to the performance of a ESC at Mach 2. ; S

’
‘In the same figure are presented the best results attained at
M = 2.1; they vere bought at the cost of installing boundary lsyer
bleeds at four walls forward of the throat. The maximm efficiency at
the "evacuation" limit is 0.905. -

The stagnant pressure distribution in the plane of symmetry at the
end of the diffuser 1g less uniform than in the ESC, but it should be
noted, hovever, that the test Mach number is differemt (2.1 instead of 2).
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Fig. 11. a) My = 2.2k, Ag/A = 0.490.
b) My = 2.55. Ag/A = 0.655.

-7

. It should be further noted that the advantage that the ISC is
_ expected to afford in § lover nacelle drag may prove wholly illusory if
the cross section of the motor block ie wider than the intake.

Finally, considering the need for a more coaplex boundary layer
bleed, the advantage of the ISC is seen to dwindle in the given Mach

region.

o7 . -
o conclnde this section, and not wishing to pass a definitive.
judgment on either one of th2 two solutions, we will only state that
our results with external supersonic compression conplemented by_rednced
pacelle drag assure us that there will be continued interest in this type
of intake for the Mach 2 class of aircraft.



Page 13

Base
Nominal thrust _ fe°i9—> -

. — @ )
R W 8T s 4
2 .

‘ 40238

Zﬂﬂw 45/40.490
a2 —
rMse24 45/,20573
My=255 A54°0,655 -

. R

' .o -
-0 002 - QO QoS ;
Fig. 12. Effect of injection on the base drag.

o1

§t411 another problem, but.a more complex one, is the control of. -
the afterbody of the engine asgembly. This involves a study -of a conver-

gent-divergent nozzle vith & throat area comtrolled to vary uar\mc‘(:go}:/a() s

of Mach mmber and engine schedule by weans of an aux iary injection such
—ag that described in the first portion of this report. B . A

' Beferal solutlons of the type shown in Figure 9 have appeared im™

the literature. We cannot consider sll of these projected solutions with
the same emthusiagm and in the same detall, since mmerous pertineat ..
tests remain’to Be runj but rather, as an example of inmterest, let us .-
describe the method favored in [1] as a guide to research in afterbody
contowr optimization, & problem that has proved untracteble .to ‘the purely.
eapirical approack. We begin with a convergent-divergent nozzle with: - -° -
gecondary injection at the throat. S [ R St
The problem as it appears to the designer 1is presented schematic- -
ally in Figure 10. o R e

The maximm cross section of the jet engine (poinzh A) ‘and the 7
throat dimension (point C), as well the {low characteristics of the. ex- -

. haust gas (flow Q, pressure, etc.) are given: What profile is the after-

body to have to provide maximm thrust? And what benefif wmy be derived :t-

from a certain secondary injection q" in the rear sectiog_? T
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As parameters characterizing the solution, we have tae geametrically

defined dimensions of shielding (AB), throat-(BB'), =ud supersonic diver-
gem: section (CB'), along with the secondary-to-jrimry flov rstic q"/Q.

Of course, anoptinmdolntiov for one Mech muber Mg 1s not neces~
sarily optimm for octher regimes; the ultimate choice must be some com-
promdse.

We vi1l 1ip'% the discussion to the cruise mode near Jach 2. — - "~

An evaluation of the forces acting on AB and CB' in the transonic
regiz: presents no special difficulty, 80 that the search for a key to
thepmblmdevolnstoadismsimoftheﬂrhmotpﬂmwmd
gecondary flows across various sections of the throat EB' for & given
injectiom.

The proper approach to the solution of this problem is now well
understood. A recent description vas contained in the report of P.
Carridre [2] on the occasion of the Second Lilienthal Conference.

Iet us briefly reviev the method of attack (Fig. 10).

For a given flight phase, ve select an arbitrary value pj1 of the
_throat pressure; application of the theory of a perfect fiuid to the
two expansions at B and B' and to the primary-secondary mixing region
beyond RX leads to the two stream divergences

v= (BR, RX) ¥= (B'R, RX),

from vhich can be derived the externmal airflows q and q'; viscous forces
in the stagmntareamtardtheseﬂmuntiltbeymdeflecbedbythe
back pressure produced at point R in this same region.

Depmdingmwnditim, these flows are positive or negstive (in
the case of the figure, for example, the flov Q' is actmlly evacusted
from the region of stagnation, and should thus be considered negztive).

“If, ‘turthmore,’an auxiliary injection q" is introduced into the

stagnant ares, the latter receives at the given pressure p; a total flow
increment equal to the algebraic som

qg+q'+4q"

It is clear that conservation of mass in the regicn of stagnation
requires that this sum be equal to zeroj this condition permits p1 to be
determined by successive approximatioms.
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Of course, actual phenomena are much more complex. Let us only re-
call two complementary results obtained in [1]:

1. Injection of an auxiliary flow q" is always accompanied by
an increase of momentum (q"Vj); these two increments play opposite roles,

the first tending to increase the throat pressure while the second de-
creases it.

The result is as 1f a pure mass flow (lacking velocity) were in-
V3
uy

Jected, equal to q" (1 - ), where u; 1s the velocity of the external

separated flow and Vj is the injectlion rate.

Thus, for a given q", it is to great advantage to reduce Vj as far
as possible.

2. The boundary layers of the maln and secondary flows create
slight perturbations at the throat section; there are theoretical means
available for thelr evaluation, but within the scope of an optimum design
calculation, such effects can be neglected.

After this hurried review of the principles underlylng our design
efforts, let us indicate some of the practical results recently obtained
by the ONERA.

The tests were performed in windtunnel S8 at Chalais-Meudon at
Mach 1.9. The mock-up was mounted in the forward blest reglon on a rec-
tangular beam 5% X 58 mm, with the afterbody unshielded. Two divergent
cones of revolution with 13° half-angles were tested; their Mach numbers M;
in the nozzle exit plane were 2.55 and 2.24k, respectively.

The aukiliary injection q" at the throat attained 6% of the pri-
mary jet. . -,

‘The bfessure generated in the tunnel was p; = 1 atm; the jet pressure
Py equalled 2 atm,

The calculations were made by assuming the external fairing to be
a surface of revolution closely fltting the engine contour.

A comparison of theoretical and experimental results 1s presented
in Figure 11 as a plot of throat pressure over ambient pressure py versus

the injection ratio.
The existence of a maximum is clearly evidenced, which signals the

increasing influence of the momentum imparted by q" as the latter increases
while the orifice area is held constant.

/21
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Consequently, in Figure 12 we reproduce the dependence of the
throat drag on injection ratio for three nozzles of different exit Mach
number (nominal engine thrust in the cruise mode 1s taken for reference).

Thus, to find the total thrust in the rear section, it 1s suf-
ficient to plot the variation of the divergent cone thrust as a function
of the exit Mach number, and then derive the corresponding drag for
various values of q"/Q. Thus, for each injection, an optimum exit area
emerges, as is seen in Figure 13. /22

This diagram shows, in particular, that the currently fashionable
term "matched nozzle'", employed to define a nozzle having a pressure in
the exit plane equal to ambient, can only confuse matters. Actually,
only a family of curves, such as that in Figure 13, can permit a com-
parison of rear thrust values in diverse regimes and a resultant cone
truly matched to the design requirements.

As we noted earlier in more refined studies, there is certailn
value in seeking an additional means of improving the thrust in the
aftersection through some mcdification of the rear fairing.

On paper, such an approach seems ready-made, since the pressure
at the fairing is always greater than the pressure at the throat in the
absence of a fairing. In reality, a detailed calculation must be made,
since the presence of the fairing alters both the direction and magni-
tude of the external flow before 1ts separation, and as a result, other
things being equal, there 1is a change in the throat pressure.

Calculations of this type, performed under identical windtunnel
conditions, but on a slightly different mock-up, give a good illustration
of the possible advantages of a systematic study of the afterbody
(Fig. 1k).

L]

L 5. CONCILUSION
[

Of the multitude of problems connected with the internal aero-
dynamics of th€ Mach-2 Supersonic Transport, several still remain to be
brought to a satisfactory conclusion: the final choice of the type of
intake and the matching of its geometry to the flow fleld of the wings;
the choice of bypass principle; and the selection of the dimensions,
control mode, and configuration of the afterbody. At the ONERA, these
studies are pursued not only in the crulse regime, but at all the inter-

mediate speeds as well, especially the transonic.

The theoretical and experimental results presented here may give
some evidence of what is involved in such research.

Manuscript submitted, Sept., 1962
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